We apply molecular dynamics and molecular static methods to study the effect of misfit dislocations on adatom diffusion in close proximity to the dislocation core in heteroepitaxial systems, using many body interaction potentials. Our system consists of several layers (3-7) of Cu on top of a Ni(111) substrate. The misfit dislocations are created with the core located at the interface between the Cu film and the Ni substrate, using the repulsive biased potential method described earlier. We find that presence of the defect under the surface strongly affects the adatom trajectory, creating anisotropy in atomic diffusion, independent of the thickness of the Cu film. We also calculate the potential energy surface available to the adatom and compare the energy barriers for adatom diffusion in the proximity of the core region and on the defect free surface. 
I. INTRODUCTION
Modern microelectronic technology depends on the ability to control the growth of thin films. Because a key factor in thin-film growth is surface diffusion 1 , a great deal of effort has been devoted to devising realistic models of this process. Many studies have focused on the effects of surface strain on diffusivity-a few on inhomogeneous 2,3 but most on homogenous stress fields [4] [5] [6] , and all considering only surfaces free of dislocations. Any realistic material however is found to be characterized by certain density of dislocations and related defects, when serving as a substrate for film growth. In heteroepitaxial growth, for example, the first few deposited layers grow pseudomorphically (following the substrate geometry) until the strain due to the lattice mismatch is released at a critical thickness leading to the formation of misfit dislocations. [7] [8] [9] In several works 10-13 the formation of such misfit dislocations for heteroepitaxial Lennard Jones systems was documented using molecular static calculations of system energetics and activation energy barriers coupled with either off-lattice kinetic Monte Carlo simulations [10] [11] [12] or application of spherical repulsive potentials 13 to activate the nucleation process. More recently Trushin et al 14 have applied semi empirical interaction potentials from the embedded atom method (EAM) 15 to generate misfit dislocation in heteroepitaxial growth of Pd/Cu(100) and Cu/Pd(100). As expected, the presence of misfit dislocations is found to have consequences for growth patterns through the transformation of the potential energy surface for the diffusion of the deposited atoms and their clusters. 2, 13 To our knowledge, a systematic study that documents the effect of inhomogeneous strain in modifying the diffusion dynamics of adatoms, via hopping, on hetroepitaxial systems with well-defined misfit dislocations, has not yet been carried out. To do so, we need to focus on a heteroepitaxial system, the lattice mismatch of which generates stress that is eventually released through a defect i.e. misfit dislocation network. 16, 17 One interesting prototype system is that of Cu layers on Ni(111). We are interested first in creation of a misfit dislocation in this system for several thicknesses of the Cu film. The further purpose of this paper is to study the effects of isolated defect upon the diffusion of a Cu adatom on Cu layers on Ni(111). The stated system is of more general interest as Cu thin films on Ni surfaces provide an interface that is of particular interest in circuit interconnects for magnetic devices exploiting the giant magnetoresistance (GMR) effect 18 and for sensor systems. 19 Understanding of the microscopic mechanisms of thin-film growth in this system may help open up avenues for designing heteroepitaxial systems in ways that are useful for modern microelectronic technology. For example the dislocation network, created on deposition of Ag films on Pt(111), was recently shown to guide the formation of well-ordered molecular nanostructure which may have technological applications. 20 In an earlier study 21 self-organized growth of nanostructured Fe islands were observed on a dislocation network formed by a Cu bilayer on Pt(111). Such confined nanostructures may exhibit anomalous magnetic properties and thus continue to be the subject of investigation.
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The rest of the paper is organized as follows: Section II discusses the model system and computational details. Section III elaborates on the potential energy surface available to the adatom. In section IV, results of MD simulation of the Cu adatom diffusion on the Cu/Ni(111) surface are presented. Calculated energy barriers for adatom diffusion are summarized in section V, followed by conclusions in Section VI.
II. CONSTRUCTION OF THE MODEL SYSTEM AND COMPUTATIONAL DETAILS
Our model system consists a Cu adatom on top of the Cu/Ni(111) substrate with an isolated misfit dislocation located at the Cu-Ni interface as presented in Fig. 1 . A Cu/Ni(111) system is characterized by -2.6% lattice misfit between Cu (a=3.61Å) and Ni (a = 3.58Å), which puts the Cu film under a compressive stress. The Ni(111) part of the system consists of 7 layers with 250 atoms in a layer, on top of which 3 or 5 or 7 layers of Cu atoms are placed. Since the results for both molecular dynamics (MD) simulations and molecular static (MS) calculations for the activation energy barriers turned out to be the same, regardless of whether the Cu film in the model was 3, 5 or 7 layer thick, we will confine our illustrations in what follows to the 5 layer case. We set periodic boundary conditions in the plane parallel to the substrate surface in such a way as to mimic an infinitively large system. Furthermore, to introduce an ideal misfit dislocation into our sample, we used a procedure called Repulsive Biased Potential (RBP) method described in detail elsewhere 13, 14 that allows one to activate the transition of many atomic systems from the coherent state (without defect) to the relaxed state (with defect). In this approach, the system is first relaxed through MD cooling 23 in which the energy is gradually minimized by setting each particle velocity to zero whenever it has a component opposite to the direction of the acceleration. New positions and velocities are calculated through the standard leap-frog algorithm. This leads to an initial coherent epitaxial state in which the interlayer spacing is relaxed, but atoms within the layers are under compressive stress according to the misfit (see Fig. 2(a) ). Next a repulsive biased potential is applied 13 to the system by adding an exponentially decaying spherically symmetric potential to the original potential energy surface. The latter is sufficiently localized around the initial harmonic basin to ensure that the final state energy does not depend upon the artificially applied repulsive bias, but solely upon the true potential of the system. The main idea here is to modify the local energy surface such that the initial epitaxial state becomes unstable. Following this, the system is slightly displaced from the metastable state (randomly or in a selective way to escape from the harmonic basin) and the total energy minimization procedure is applied to find a new minimum energy state. As a result a rectangular island of atoms protrudes on to the surface leaving a dislocation underneath. This method can generate many different final states depending on both the initial displacements and the parameters of the repulsive potential. Here, we only consider final configurations corresponding to a single misfit dislocation. The width of the (2D) island that is created corresponds exactly to the thickness of the film (for instance 5-atom island is seen in Fig. 2(b) ). In the third phase of defect activation, this extended island is manually removed, resulting in a surface with a defect extending through the thickness of the film as seen in the Fig. 2(c) . It should be mentioned that our method of producing a single misfit dislocation is quite robust. We have repeated the procedure several times and found convergence by considering the net force acting on an atom to be less than 10 −6 eV/Å. We have also checked this by comparing our results with that obtained by others.
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The presence of the defect inside the substrate generates an inhomogeneous strain field on the surface. To study the effect of this field on the kinetics of diffusion, we place a single Cu adatom at various positions on the film surface near the defect. We probe the influence of this stress field in three ways for both the defect free and the dislocated surface: (1) map the binding energy of the adatom with respect to each position within a fine grid on the surface of the film; (2) perform direct MD simulations of the adatom diffusion from selected initial positions on the film; and (3) for each of these positions, calculate the diffusion barrier for paths perpendicular and parallel to the dislocation line.
To prevent the motion of the system as a whole, we fixed the two bottom layers of the Ni substrate. In MD calculations, we used the leap-frog algorithm with a time step of 1 femtosecond (10 −15 second) to solve classical equations of motion for atoms interacting through interatomic potentials given by the Embedded Atom Method (EAM). 15 We carried out simulations at 300 K using the NVT ensemble. In order to monitor the overall trajectory of the adatom diffusing from a given initial position, we ran each simulation for 1 nanosecond (10 −9 second), recording statistics every 10 time steps. We used the Nudged Elastic Band method (NEB) 23 to calculate all activation energy barriers. Typically the path in configuration space is modeled by 20 discrete states or images. Forces on the images converged to better than 10 −6 eV/Å.
III. MAPPING THE POTENTIAL ENERGY SURFACE OF THE ADATOM
To see how the presence of the defect under the substrate surface modifies the potential energy experienced by the adatom at different locations on the film, we compared the energy maps of the potential energy surface of our sample with and without dislocation. To obtain each map we scanned the surface by placing the adatom at different positions on a fine grid (0.1Å × 0.1Å) covering a wide area of the film surface. At each site of the grid we fixed the X and Y coordinates of the adatom and left the Z coordinate free to relax, and then used MD cooling to minimize the systems energy. The resulting energy map shows the binding sites of the adatom on the surface of the film, as shown in Fig. 3 (a) -(b) for the ideal coherent substrate (i.e., without defect) and for the substrate with defect inside it, respectively. Clearly the presence of the defect beneath the film surface alters the binding energy map of the adatoms to the surface. The isotropy of the surface vanishes in favor of trap zones (very deep minima) along the dislocation line, which can immobilize any adatom that strays into its vicinity during a random walk across the surface. 
IV. MD SIMULATIONS OF ADATOM DIFFUSION ON CU FILM ON NI(111)
Another way to probe the effect of the defect on surface diffusion is direct MD simulation of adatom motion on the surface. Although intrinsic limitations of the MD method do not allow documentation of trajectories for the adatoms for times comparable to experiments [runs of few nano-seconds], the statistics afforded by us do reveal some insights into how the presence of a defect imposes a specific form of organization upon what would otherwise be a random walk. If we compare a typical trajectory of adatom motion on the ideal surface (Fig. 4 (a) ) with that of on a dislocated surface (Fig. 4 (b) ), the anisotropy of the latter is obvious. The starting point of the simulations traced in Fig. 4 (b) is one row from the dislocation line. Since all the way to the slab edge we find the same anisotropy, we can infer that the strain field due to isolated edge dislocation extends far beyond the dislocation core. Close to the dislocation line, we observe a different kind of strain effect: trap zones form along the dislocation line, limiting diffusion in striking ways. If we place the adatom directly on the dislocation line it almost always exhibits a severely confined (spot-bound) trajectory. Although escapes do occur, they are extremely rare; usually when an adatom wanders from its initial position, it shortly returns, and continues to hover around it. Sometimes the escape extends to so far as one row from the dislocation, in which case it exhibits an anisotropic trajectory (like that in Fig. 4 (b) ). On others, after dwelling in the neighborhood of its initial position, it can escape a short distance towards the border and then return to the dislocation core but at a position on the core at some lateral distance in either direction from its initial zone of entrapment.(see Fig. 5 ) 
V. ENERGY BARRIERS FOR ADATOM DIFFUSION PROCESSES
To further pin down the effect of the submerged defect on surface diffusion we calculated the energy barriers for the adatom to diffuse via hopping along possible paths both on the defect-free substrate and on the defective one. We graph the energy barriers for an adatom's diffusion along its path from an fcc to an fcc site by way of an hcp site on both the defect-free surface and the defective surface (Fig. 7) . Let us consider such a diffusion path. On both surfaces the path consists of two steps --the first from the initial fcc site to an fcc site, and the second from there to the other fcc site. On the defective surface (see Fig. 6 ), for an adatom one row away from the border of the dislocation, the first step (f→g) is "parallel" to the dislocation line (actually at an acute angle to it), while the second (g→h) is "perpendicular " to that border. On the defect-free surface, the energy barriers for the two steps (fcc→hcp and hcp→fcc) are 0.01 eV and 0.02 eV, respectively. Fig.7 dramatizes how the saddle points of barrier energy for diffusion steps on the defect -free surface are symmetrical, while those for the equivalent steps on the defective surface are highly asymmetrical: the barrier for the step perpendicular to the dislocation border (g→h : 0.06 eV) is 3 times higher than that for the step parallel (f→g : 0.02 eV) to it, reminding us of the repulsive barriers for adatoms set up by the dislocation network mentioned in Ref 21 21 .The contrast explains the contrast between anisotropic diffusion trajectories typical on the defective surface (Fig. 4 (b) ) and the isotropic trajectories typical on the defect-free surface ( Fig. 4 (a) ).The same asymmetrical behavior is obtained for the perpendicular (j→k : 0.09 eV) and the parallel (i→j : 0.03 eV) paths in Fig. 6 . We turn now to the diffusion of an adatom located in the core of the dislocation. The barrier for diffusion in either direction within the dislocation core (a→c and a→b) is 0.42 eV. The barriers for diffusion away from the core are 0.5 eV for a→d and 0.23 for a→e. The barriers for an adatom at the core border to be trapped in the core are 0.22 eV (d→a) and 0.0 (e→a). Thus there is a very strong tendency for an adatom situated in the core to stay where it is, and not to move away from or along the dislocation. We thus expect that the atom will only very rarely move along the dislocation line. Instead it will stay for some time in the trap zone. As the trapping barrier is smaller than the escaping barrier so we would expect to see from time to time -as we did in our MD simulations (Fig. 5 ) a detachment followed by either a return to the original zone of entrapment or a fall into a neighboring entrapment zone. One point to note is that sometimes movement from one entrapment zone to a neighboring one occurs via a trip to the dislocation border. Moreover, if an adatom occupies a border site, it can wander even further, to a position 1 row away from the dislocation. Once it reaches this distance from the dislocation core, it behaves in virtually the same way as an adatom at any further distance, and its trajectory will exhibit the kind of anisotropic pattern illustrated in Fig. 4(b) .
VI. CONCLUSIONS
We compared the diffusion of a Cu adatom on the dislocation surface of a heteroepitaxial Cu/Ni(111) substrate with its diffusion at the same substrate in which dislocation is left out of account. Mapping of the potential energy surface, MD simulations of adatom trajectories, and calculation of activation energies for single adatom diffusion paths indicate that the presence of a defect within the substrate profoundly affects surface diffusion. The strain field produced by isolated edge dislocation extends a long ways (at least 6 rows, i.e, to the end of the unit cell under study) from the dislocation core, on both sides. Diffusion at 1 or more rows away from the dislocation border is anisotropic, and symmetrical on both sides of the dislocation, in contrast to the isotropic trajectory that emerges on a defect-free surface. At the dislocation core entrapment zones appear, from which an adatom is highly unlikely to escape. On the other hand, if adatoms appear a row or so away from border of dislocation, they stay repelled from it. We thus expect adatoms to nucleate either at the dislocation core (trapped) or in regions further away from them. In either case, the growth pattern on surfaces such as the ones considered here will be reflective of dislocation network. We note that such surface nanostructuring induced by a dislocation network has already been observed experimentally.
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We hope that our work will motivate more experimental research in the area. Of course additional diffusion processes have to be considered if one aims at the study of multilayer growth on dislocation networks.
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